Abstract. Current treatments for seizure emergencies, such as status epilepticus, include intravenous or rectal administration of benzodiazepines. While intranasal delivery of these drugs is desirable, the small volume of the nasal cavity and low drug solubility pose significant difficulties. Here, we prepared supersaturated diazepam solutions under physiological conditions and without precipitation, using a prodrug/enzyme system. Avizafone, a peptide prodrug of diazepam, was delivered with-Aspergillus oryzae (A.O.) protease, an enzyme identified from a pool of hydrolytic enzymes in assay buffer, pH 7.4 at 32°C. This enzyme converted avizafone to diazepam at supersaturated concentrations. In vitro permeability studies were performed at various prodrug/enzyme ratios using Madin-Darby canine kidney II-wild type (MDCKII-wt) monolayers, a representative model of the nasal epithelium. Monolayer integrity was examined using TEER measurement and the lucifer yellow permeability assay. Prodrug/drug concentrations were measured using HPLC. Enzyme kinetics with avizafone-protease mixtures revealed K M =1,501±232 μM and V max =1,369±94 μM/s. Prodrug-protease mixtures, when co-delivered apically onto MDCKII-wt monolayers, showed 2-17.6-fold greater diazepam flux (S=1.3-15.3) compared to near-saturated diazepam (S=0.7). Data for prodrug conversion upstream (apical side) and drug permeability downstream (basolateral side) fitted reasonably well to a previously developed in vitro two compartment pharmacokinetic model. Avizafone-protease mixtures resulted in supersaturated diazepam in less than 5 min, with the rate and extent of supersaturation determined by the prodrug/ enzyme ratio. Together, these results suggest that an intranasal avizafone-protease system may provide a rapid and alternative means of diazepam delivery.
INTRODUCTION
Seizure emergencies such as status epilepticus (SE) involve frequent epileptic attacks lasting for at least 5 min without regaining consciousness. This condition may cause neuronal damage and hence must be treated without delay. Currently, intravenous (i.v.) benzodiazepenes such as diazepam (DZP), lorazepam, or midazolam, are the first-choice drugs for the treatment of SE (1, 2) . However, i.v. administration requires skilled labor and hospitalization, which are time-consuming processes, and often cause delay in the treatment. Rectal DZP has also been shown to be effective (3) , but this route has poor patient compliance. In this regard, the nasal route is an attractive alternative, as intranasal midazolam has been shown to be reasonably safe with clinical efficacy comparable to rectal DZP (4) . However, DZP is preferred over midazolam for intranasal delivery due to its high lipid solubility and longer elimination half life (midazolam, 1.8-6.4 h; DZP, 20-100 h) (5, 6) .
For the treatment of seizure emergencies, 10 mg of DZP must be delivered into the small volume of the nasal cavity (< 200 μL) resulting in a highly concentrated solution (~50 mg/ mL) (7) . This is difficult to achieve due to the poor water solubility of DZP (<50 μg/mL). However, rapid delivery of lipophilic molecules such as DZP can be made possible by using supersaturated solutions which, compared to saturated solutions, have higher chemical potentials and therefore provide an increased driving force for drug transport (8) . Supersaturation has been obtained by sudden changes in pH (9) (10) (11) , ionic strength (10, 12) , and use of solid dispersions (13) (14) (15) (16) (17) .
Supersaturated solutions are thermodynamically unstable against crystallization, making them difficult to store for practical time durations. Therefore, it is preferable to produce Electronic supplementary material The online version of this article (doi:10.1208/s12248-014-9596-5) contains supplementary material, which is available to authorized users.
supersaturation at the point of administration. For example, Hou et al. showed that addition of water to a saturated DZPin-water/glycofurol solution creates supersaturated DZP solutions that are stable long enough to cross synthetic membranes several-times faster than saturated DZP (7) . In vitro pharmacokinetic studies showed rapid drug absorption from these supersaturated solutions when administered intranasally; these formulations were intolerable to human subjects, however (6) .
Recently, we prepared in situ supersaturated drug solutions by coadministering the prodrug form with an activating enzyme in a model system for the nasal mucosa. Supersaturated phenytoin solutions were prepared using fosphenytoin (prodrug) and alkaline phosphatase (enzyme). These prodrug/enzyme mixtures showed several fold faster absorption, without drug precipitation, through Madin-Darby canine kidney-wild type (MDCKII-wt) monolayers, a nasal epithelium model, compared to saturated phenytoin (18) . Phenytoin was used in these studies since its prodrug and alkaline phosphatase enzyme are commercially available, and the enzymatic reaction is well understood. However, phenytoin is an unsuitable target for nasal delivery as an antiepileptic owing to its intermediate lipid solubility, poor permeability and hence high dosage requirement (100 mg of drug). Accordingly, there is a need to develop a prodrug/enzymebased system for the efficient nasal delivery of highly lipophilic and potent antiepileptics such as DZP.
Avizafone (AVF) is an off-patent prodrug of DZP that is available in Europe. It is injected intramuscularly to treat seizures induced by organophosphorous nerve agents (19, 20) . When administered systemically, it is converted to DZP by endogenous enzymes. However, the precise activating enzymes for AVF are unknown.
In the present work, we have developed a prodrug/ enzyme-based system for DZP using AVF as the prodrug. Screening studies were performed to identify an activating enzyme. In vitro permeation studies were performed on prodrug/enzyme mixtures prepared at various prodrug and enzyme concentrations. This system, when administered intranasally, is expected to cause rapid delivery of DZP for effective treatment of SE and other neurological emergencies.
MATERIALS AND METHODS

Materials
DZP, tolbutamide ( internal standard), enzymes-butyrylcholinesterase (human, 900 U/mL, cat# B4186), dipeptidyl peptidase III (human, 772,727 U/mL, cat# D3571), protease (Aspergillus oryzae, 1474.47 U/mL, cat# P6110), and chemicals used for 'assay buffer' preparation were purchased from Sigma. Aminopeptidase N enzyme (human, 45 mU/mL, cat# 164605) was purchased from Millipore. Lucifer yellow, HPLC-grade methanol, acetonitrile, and water, were purchased from Fisher Scientific. Raw materials for AVF synthesis were purchased from ChemImpex International Inc. (IL, USA). Cell culture reagents (Dulbecco's modified Eagle's medium (DMEM), antibiotics, and fetal bovine serum (FBS)) were purchased from Invitrogen. Madin-Darby canine kidney II-wild type cells (MDCKII-wt) cells were generously provided by Dr. Alfred Schinkel (The Netherlands Cancer Institute, Amsterdam).
Synthesis and Characterization of Avizafone Dihydrochloride (AVF: Scheme I) AVF (4) was produced as a dihydrochloride from 5-chloro-2-methyl-aminobenzophenone (1) and (S)-2-(2,6-bis(((benzyloxy)carbonyl)amino)hexanamido)acetic acid (2) employing a two-step procedure (Scheme 1) following a procedure described in a patent (21) .
(S)-Dibenzyl (6-((2-((2-benzoyl-4-chlorophenyl)(methyl)amino)-2-oxoethyl)amino)-6-oxohexane-1,5-diyl)dicarbamate (3) . A suspension of dipeptide 2 (3.123 g, 6.62 mmol, finely powdered in a mortar) in anhydrous 1,2-dimethoxyethane (100 mL) was placed under a nitrogen atmosphere and cooled to −20°C (dry ice-acetone bath). To this suspension were added Nmethylmorpholine (728 μL, 6.62 mmol) and isobutyl chloroformate (863 μL, 6.62 mmol). The resulting mixture was stirred at −20°C for 1 h. Then the solution was added, in five batches (20 ml portions) through a syringe filter (to remove solids) over a period of 4 h, to a refluxing mixture of 1 (1.627 g, 6.62 mmol) in anhydrous 1,2-dimethoxyethane (100 ml). After refluxing the resulting solution overnight (16 h), the solvent was evaporated under reduced pressure. The resulting residue was dissolved in a small amount of CH 2 Cl 2 and loaded onto an MPLC column containing silica gel (324 g). MPLC separation was performed with EtOAc:hexanes 2:1 (700 mL), then EtOAc:hexanes 3:1 (300 mL), and then EtOAc (1,700 mL). The fractions were collected after the EtOAc elution started. The fractions containing the product were combined and the solvent was evaporated under reduced pressure. Since the residue contained some starting material 2 in addition to the desired product 3, the residue was dissolved in a small amount of CH 2 Cl 2 and filtered through a short (10 cm) column filled with Al 2 O 3 using EtOAc as the eluent (700 ml). After solvent evaporation and drying the residue overnight on high vacuum, compound 3 was obtained in 40% (1.86 (S)-6-((2-((2-Benzoyl-4-chlorophenyl)(methyl)amino)-2-oxoethyl)amino)-6-oxohexane-1,5-diaminium chloride (4) . To a stirring solution of 3 (1.08 g, 1.54 mmol) in dry CH 2 Cl 2 (30 mL) under a nitrogen atmosphere, cooled to −70°C, was added a pre-cooled solution of BCl 3 in CH 2 Cl 2 (1.0 M, 50 mL). The mixture was stirred under anhydrous conditions at −70°C for 30 min and then allowed to warm slowly to room temperature overnight. The mixture was evaporated to dryness under reduced pressure, then fresh dry CH 2 Cl 2 (30 mL) was added and the mixture was evaporated again to dryness. This operation was repeated two times with CH 2 Cl 2 and then four times with MeOH (to remove B(OMe) 3 ). The concentrated MeOH solution (10 mL) was then added to anhydrous diethyl ether (750 mL) with vigorous stirring. The solution was left overnight and a fine solid precipitated. The ether solution was decanted with a cannula (double needle transfer under vacuum) and the precipitate was washed with dry ether (3×10 mL), dissolved in distilled water (30 mL), shaken with EtOAc (3×20 mL) and separated in a separatory funnel. The aqueous solution was lyophilized for 65 h to furnish 58% (385 mg) of compound 4 as a cream-colored solid that was dried overnight in a vacuum desiccator over P 2 (22) .
HPLC Method
Concentrations of the prodrug (AVF) and the parent drug (DZP) were obtained by HPLC (Beckman Coulter SYSTEM GOLD: solvent module 126, autosampler 508 and UV detector 166, with 32.0 Karat software). The solvent pump was connected to a Zorbax XDB Eclipse C18 (12.5× 4.1 mm, 5.0 μm) guard column preceding a Zorbax XDB Eclipse C18 (50 × 2.1 mm, 1.8 μm) analytical column. Chromatographic separation was performed using potassium phosphate (KH 2 PO 4 ) buffer/acetonitrile (73:27v/v), pH 2.36 as the mobile phase, at 1 mL/min rate and a run time of 12 min. A 30-μL sample prepared in mobile phase containing 2.5 μg/mL tolbultamide (internal standard) was injected into the column and the chromatogram was obtained at 210 nm. Peak area ratios (drug peak area divided by the area of internal standard from the same injection) were converted to drug concentrations using standard calibration curves (separate for AVF and DZP). The method was validated as per FDA guidelines (23) .
Equilibrium Solubility Studies of DZP DZP (5 mg) was placed in a 4 mL screw-cap glass vial (n=3) each containing 2 mL assay buffer, pH 7.4 (122 mM NaCl, 25 mM NaHCO 3 , 10 mM glucose, 10 mM HEPES, 3 mM KCl, 1.2 mM MgSO 4 , 1.4 mM CaCl 2 , and 0.4 mM K 2 HPO 4 ). The vials were placed on an orbital shaker (Shellab, Cornelius, Oregon) at 25, 32 and 37°C for 48 h. Drug suspensions were centrifuged at 13,000g for 20 min and the supernatant was transferred to a fresh glass vial after filtering through a 0.2-μm membrane. The samples were then analyzed using HPLC.
Preparation of Supersaturated Solutions
Supersaturated solutions of DZP were prepared by incubating the prodrug, AVF, at equivalent molar concentrations, with a small amount of enzyme, in assay buffer pH 7.4. The "supersaturation potential i.e. AVF molar equivalent to supersaturated DZP", S, was defined as
S ¼ Molar concentration of avizafone Molar concentration of saturated diazepam solution
Enzyme Screening
To identify the enzyme for activation of AVF, various commercially available esterases/proteases/peptidases (butyrylcholinestease, dipeptidyl peptidase III, aminopeptidase N, protease) were screened. Enzymes at different concentrations (0.25-2.00 U/mL) were incubated with AVF in assay buffer, pH 7.4 in a transparent 96-well plate (Corning, USA) which was placed in an orbital shaker for 10 min at 32°C. At times 0 and 10 min, sample absorbance was noted at 240 nm using a microplate reader (Synergy HT, Biotek Instruments, USA). Enzyme, AVF, DZP, DZP+ enzyme, and blank assay buffer were used as controls. These experiments were performed in duplicate.
Enzyme Kinetics
To evaluate the effect of enzyme concentration on reaction kinetics, the best performing enzyme from the results of screening studies was incubated with AVF (130 μM, S=1) at different enzyme concentrations (0.125-4 U/mL), in a 1 mL quartz cuvette containing assay buffer, pH 7.4 at 32°C. Absorbance was measured from 0 to 30 min at 316 nm (Cary 100 Bio UV-Vis spectrophotometer with CaryUV software, v.3.0). Enzyme, AVF, DZP, DZP+enzyme, and blank assay buffer were used as controls. These experiments were performed in duplicate.
To evaluate the effect of substrate concentration, 0.25 U/ mL enzyme was incubated with various concentrations of AVF (69-3,601 μM, S=0.5-27.6) in pre-warmed assay buffer, pH 7.4 (1 mL volume). Aliquots (100 μL) were withdrawn and placed immediately in clean glass vials (one for each time point-time 0 and 5 min) shaking at 32°C. At each time point, one vial was withdrawn, to which 900 μL methanol was added to serve as a reaction quencher. Samples were analyzed for AVF and DZP concentrations using HPLC. Blank buffer, enzyme, DZP, DZP+ enzyme, and AVF (no enzyme) were used as controls. The results were an average of three independent experiments. The averaged data was fitted to 
Cell Culture
MDCKII-wt cells were cultured in DMEM media with 10% FBS and antibiotics (100 mg/ml streptomycin, 100 U/ml penicillin and 250 ng/ml amphotericin B) in T-25 flasks at 37°C, 5% CO 2 atm. Confluent cells were trypsinized and seeded at 0.5×10 5 cells/mL in a 12-well Transwell plate (0.4 μm pore size, polyester, Corning). Medium was replaced every second day until a cell monolayer was observed (in 4-5 days). All MDCKII-wt cells utilized were between passages 10 and 20.
Membrane Permeability Studies
Permeability studies were performed according to the procedure published previously for prodrug/enzyme/drug systems (18) . Briefly, prodrug (AVF) and enzyme at appropriate concentrations were spiked into the apical side (200 μL) of MDCKII-wt monolayers cultured in Transwells, with drug-free assay buffer (1,200 μL) placed in the basal chamber at 32°C in an orbital shaker (60 rpm). At various time points, aliquots were withdrawn from the apical side (25 μL, quenched with 225 μL methanol) and the basal side (200 μL) (with buffer replacement) and analyzed for drug and prodrug concentrations using HPLC. AVF, DZP, enzyme, DZP+ enzyme, blank buffer, untreated cells and blank filters were used as controls. Monolayer integrity was examined before and after the experiments by transepithelial electrical resistance (TEER) measurements. Percent TEER was obtained by normalizing the TEER value of treated cells by the value of untreated cells. Intactness of monolayers was also evaluated using lucifer yellow (100 μM) as a paracellular marker. Only monolayers with a TEER value ≥60Ω cm 2 and lucifer yellow permeability <30 nm/s were used in the experiments. Permeability experiments were performed at various substrate and enzyme concentrations, and the obtained conversion-absorption curves were analyzed in accordance with in vitro pharmacokinetic models developed previously, using Matlab software (18) . Results were an average of two independent experiments in duplicate.
Statistics
Statistical analysis was performed using GraphPad Prism software version 5.0. For multiple comparisons, one-way ANOVA with Dunnett's post-test was used. p<0.05 represented a significant difference. Figure 1 represents a typical HPLC chromatogram showing highly resolved peaks for AVF, DZP, and tolbutamide (TLB, internal standard). The developed HPLC method was accurate, precise and sensitive for both AVF (prodrug) and DZP (drug) with a 30 ng/mL limit of detection. To the best of our knowledge, this is the first time an HPLC method has been developed for the co-analysis of AVF and DZP. In addition to the peaks for AVF, DZP, and tolbutamide, a fourth peak was observed in the chromatogram (~2 min, Fig. 1 ). LC-MS data for this mixture revealed that this peak represents open-ring DZP (chemically 2-(N-methylamino)-5-chlorobenzophenone, MW 302.50), formed due to acidic hydrolysis of DZP (Supplemental 1). Susceptibility of DZP to acid degradation has been reported previously (24) . The validation parameters of the developed HPLC method are given in Table I .
RESULTS
Analytical Method
Equilibrium Solubility
Saturation solubility of DZP (at thermodynamic equilibrium) was observed to be 130±11 μM at pH 7.4 and 32°C, and this was not significantly different from its solubility at other temperatures (122±2 μM at 25°C and 136±5 μM at 37°C).
Enzyme Screening and Enzyme Kinetics
AVF's (Scheme 1) lysine moiety, attached to DZP via an aminopeptide bond, makes several enzyme classes potential candidates for prodrug conversion, including proteases, peptidases and esterases. Accordingly, from a pool of commercially available enzymes, four enzymes were selected-dipeptidyl peptidase III, aminopeptidase N, a protease from A. oryzae, and butyrylcholinesterase.
As seen in Fig. 2a , UV absorbance of DZP is significantly greater than that of AVF, specifically in the 220-250 nm and 305-320 nm regions. Thus, one might expect to see a net gain in absorbance in these specific UV-Vis regions if prodrug conversion is occurring in systems consisting of AVF spiked with the activating enzyme. This relative increase in absorbance would be due to the appearance of diazepam accompanied by the disappearance of AVF.
When AVF was incubated (in a microplate) with different enzymes, an increase in absorbance (at 240 nm) was observed with A.O. protease after 10 min (Fig. 2b) , irrespective of enzyme concentration. This result indicates that A.O. protease causes activation and conversion of AVF. There was no change in absorbance with time of AVF only (without enzyme), DZP only, or AVF with any other enzyme.
In order to accurately examine the effect of A.O. protease concentration on AVF/A.O. protease reaction kinetics, absorbance measurements were performed in a cuvette rather than in a microplate. This change of assay did not influence the spectral characteristics of AVF and DZP (Figs. 2a and 3a) . When AVF (130 μM, S=1) was incubated with A.O. protease at various concentrations at 316 nm (since at 240 nm absorbance >1), the slope of the absorbance curve (rate of prodrug conversion) was observed to increase with enzyme concentration (Fig. 3b) .
UV absorbance was an appropriate method for highthroughput enzyme screening and identification of the activating enzyme. However, this method has the following shortcomings: (1) its inability to distinguish completely between different species (AVF and DZP), (2) its limitation to subsaturated or saturated solutions due to interference from drug precipitates that could possibly be formed at supersaturated concentrations.
To more accurately examine enzyme kinetics at higher saturation levels, HPLC was utilized. AVF and DZP showed unique retention times and therefore could be differentiated using this method (Fig. 1) . The possibility of precipitation of supersaturated samples was eliminated by using methanol as the reaction quencher before HPLC analysis, since methanol is a good solvent for diazepam. An example of reaction progress monitored using HPLC with AVF (1,042 μM) and c enz (enzyme concentration)=0.25 U/mL, is shown in Fig. 4a , in which AVF conversion is accompanied by DZP formation. Complete mass balance was obtained, indicating accuracy of this method in analyzing reactions containing supersaturated drug levels.
When A.O. protease (0.25 U/ml) was incubated with AVF at various concentrations (69-3,601 μM, S=0.5-27.7), prodrug conversion rate (at 5 min) increased with increasing initial prodrug concentration (c p ), followed by saturation (symbols, Fig. 4b ). The concentration-rate profile fitted well to Michaelis-Menten equation (solid line, Fig. 4b ).
with K M =1,501±232 μM (s.e.m) and V max =1,369±94 μM/s.
Membrane Permeability Studies
In vitro permeability of AVF and DZP was examined using MDCKII-wt cell monolayers. To begin, DZP (at S=0.7) or AVF (116-1,993 μM, S=0.9-15.3, without enzyme) was introduced in the apical side of the monolayer with collection and analysis of both prodrug and parent drug on the basal side at various time points. Taking into account that the drug distributes into both the apical and basal sides, the data was fitted to Eq. (2) (18).
where x=drug (d) or prodrug (p), c x b = concentration (μg/mL) on the basal side, V a and V b =apical and basal side volumes, respectively, and CL x = the membrane's clearance (permeability-area product) to x. As shown in Fig. 5a , DZP accumulated in the basal compartment as per Eq. (2), with CL d =0.097±0.011 mL/h and P app =2.2×10 −5 cm/s. When MDCKII-wt monolayers were treated apically with AVF at 116 μM, S=0.9 (no enzyme), a negligible amount of prodrug accumulated in the basal side after 2 h. Although Fig. 2 . a UV-Vis spectra of AVF and DZP using a microplate reader. b Absorbance of AVF-enzyme mixtures (at 240 nm) prepared using AVF (129.9 μM, S=1) with different enzymes at 0.25-2 U/mL after 10 min of mixing. Data is reported as sample absorbance minus absorbance of enzyme and blank buffer. Enzyme-free AVF and DZP were used as controls. Mean±SD. n=2 2), only 10% of the prodrug (at most) permeated into the basal side over 2 h; this poor permeation (apparent permeability, 1-1.5× 10 −6 cm/s) is due to the hydrophilic nature of the molecule. Further, AVF flux saturated at high prodrug concentrations (≥1,130 μM) indicating facilitated membrane transport. In addition, apical solutions showed only 80% prodrug after 2 h (data not shown), indicating that some of the conversion of DZP may be occurring by way of endogenous enzymes that are likely present in the MDCKII-wt cell membranes. Due to the extremely slow prodrug permeation and conversion we ignored those processes in further considerations.
Upon spiking the prodrug with protease (at 4 U/mL) at various prodrug concentrations (95-1,322 μM, S=0.7-10.2) in the apical compartment, prodrug conversion was followed by drug (DZP) permeation. 
where
, c enz =108 μM (4 U/mL). Notably, drug accumulation rates (flux) were proportional to S (Fig. 5c ) and these were 2-to 17.6-fold greater (at S≥1.3) than the flux obtained with nearsaturated DZP (S=0.7). From the fact that proportionality exists between S and drug accumulation rates, we can conclude that increase in basal drug concentration (below saturated DZP concentration) did not affect the drug permeation rates.
On the apical side, prodrug disappearance corresponded to drug appearance, and there was simultaneous drug disappearance by permeation (AVF at S=5.6, c enz =4 U/mL). Complete mass balance was obtained after accounting for AVF and DZP permeating into the basal side (total AVF+ total DZP) (Fig. 5d) . However, in these prodrug/enzyme mixtures, the prodrug was not completely converted to the parent drug (only 80% conversion) even after 2 h. Figure 5e shows the apical concentration of drug, along with a prediction based on Eq. (4) below and using parameters derived from fits to Eqs. (1) and (4) using data in Fig. 5a -c (18) . Equation (4) somewhat overpredicts apical concentrations, but the general trend is reproduced.
As shown in Fig. 5d -e, supersaturation was achieved as early as 5 min (300 s), after administering AVF and enzyme, as indicated by drug concentrations above the horizontal red line (c d,sat -concentration of saturated DZP). Further, the rate and extent of drug appearance in the apical side could be controlled by the prodrug/enzyme ratio (Fig. 5f) .
Monolayer integrity was evaluated with AVF, DZP, enzyme (A.O. protease), AVF+enzyme, DZP+enzyme and blank buffer solutions. As shown in Fig 6, TEER was unaffected by all treatments except prodrug/enzyme mixtures prepared at S=10.2 (as per ANOVA). However, even with this treatment, the TEER values were above the lowest acceptable limit of 60 Ω/cm 2 . Therefore, monolayer integrity Fig. 3 . a UV-Vis spectra of AVF and DZP measured in a quartz cuvette using a UV spectrophotometer. b Absorbance at 316 nm, 32°C with time for AVF/A.O. protease mixtures prepared using AVF (S=1) with A.O. protease at different concentrations (0.125, 0.5, and 4 U/mL). Data is reported as sample absorbance minus absorbance from the A.O. protease alone. Blank buffer, enzyme-free AVF, and DZP (S=1) were used as negative controls. Mean±SD. n=2 was not compromised with any treatment employed in our studies.
Control experiments were performed to evaluate the effect of protease (enzyme) concentration on (a) monolayer integrity using TEER and inulin permeability measurements, and (b) DZP permeability. As shown in Supplemental 3, % TEER of the monolayer was unaffected even by the presence of 16 U/mL protease. However, beyond 8 U/mL protease, inulin permeability was greater than 1%, indicating 8 U/mL to be a safe limit. At 4 U/mL which is the protease concentration used in our permeation studies, DZP permeation rate was unaffected by the presence of enzyme (no significant difference in apparent permeability) (Supplemental 4).
DISCUSSION
Epilepsy affects an estimated 3 million people in the USA, making it second only to stroke for debilitating neurological conditions. Contrary to stroke, which primarily affects the elderly, the majority of patients with epilepsy include children and young adults, a population that may require decades of drug therapy. Conditions such as SE are emergencies that require fast delivery of a potent antiepileptic drug such as DZP. Rapid delivery can be obtained by using supersaturated solutions.
Although DZP supersaturation has been obtained previously using water/organic cosolvents (7), with the goal of achieving rapid DZP delivery, this success was limited by O. protease reaction (AVF at S=5.6, c enz =4 U/mL) on the apical side of MDCKIIwt membrane. 'Total' amount includes the amount permeating into the basal side. e Amount of DZP produced from prodrug/enzyme mixture (AVF at S=5.6, c enz =4 U/mL) in apical compartment (symbols) compared to predicted values (solid line) obtained using Eq. (4). f Concentration-time profile for DZP produced as a result of prodrug/enzyme mixture introduced onto the apical side prepared at various prodrug/enzyme ratios. In Fig. 5d -f, the horizontal (red) line represents DZP saturation level (S=1, c d,sat ) . These experiments were performed in assay buffer, pH 7.4 at 32°C using 12-well Transwell plates. Mean±SD. n=4 tolerance issues or drug precipitation before complete absorption (10, 12) . With fosphenytoin/alkaline phosphatase as a model system, our group previously prepared supersaturated aqueous solutions of prodrug/enzyme mixtures at the point of administration, and demonstrated enhanced membrane permeation of the product drug, in this case phenytoin, compared to saturated drug solution, without precipitation (18) . However, phenytoin is not a suitable candidate for intranasal delivery due to its high dose requirement. The present effort has demonstrated that prodrug/enzyme coadministration also enables the rapid membrane permeation of DZP, which is sufficiently potent that it can be administered intranasally.
AVF is an off-patent DZP prodrug used by the French military to reverse seizures triggered by nerve agents encountered on the battlefield (19, 20) . However it is not commercially available, and thus it was synthesized by our group. In a preliminary study in dogs, our group demonstrated that, when administered intranasally, the fraction of the AVF absorbed and converted to DZP was only~30-45% of the total dose, which rendered AVF unacceptable for further development in that particular form (Cloyd and Patterson, personal communication). It was concluded that the highly water soluble AVF does not efficiently cross the nasal mucosa, as was predicted in the current study with our AVF MDCKII-wt permeability results, and that successful intranasal therapy would require coadministration with a suitable converting enzyme. Among the selected panel of enzymes, A.O. protease was shown to cleave the aminopeptide bond in AVF to form DZP, with a conversion rate dependent on enzyme concentration (Fig. 2b) .
Even though this enzyme caused rapid prodrug conversion, maximum conversion was only around 75-80% (Figs. 3b and  5d) , irrespective of enzyme and prodrug concentrations. Additional studies performed at varying prodrug/enzyme ratios confirmed this result (Supplemental 5). Further confirmation was obtained from TLC studies (data not shown). This finding might be explained by racemization of AVF either during synthesis or during enzymatic reaction, followed by selectivity of the enzyme for one of the isomers. Racemization was qualitatively confirmed by circular dichroism studies, comparing the starting material AVF and unreacted material collected at the AVF elution peak following AVF exposure to enzyme. These samples, while showing equivalent mass spectra, displayed opposing optical activities in circular dichroism studies (Supplemental 6). Moreover, combinations of starting material and unreacted AVF (in reaction mixture) showed CD spectra that qualitatively interpolate between the limiting spectra. These studies likely reflect a putative stereoselectivity of A.O. protease, a common property of enzymes (25) (26) (27) .
While further studies are needed to clarify this matter, it seems most likely that racemization of AVF occurs during synthesis (NB: polarimetric measurements of AVF exactly matched those specified in the original patent (22) ). The unreacted AVF HPLC peak was shown to persist even after dialysis and exposure to fresh enzyme. If A.O. protease is acting as an isomerase, the principle of microscopic reversibility warrants that AVF should flip back and forth between enantiomers, with all AVF ultimately hydrolyzed to diazepam, unless D-AVF is thermodynamically much more stable than L-AVF, which seems quite improbable.
Despite 80% conversion, the AVF-protease mixtures greatly enhanced the rate and degree of drug absorption (up to 18-fold) through MDCKII-wt monolayers, when compared to saturated DZP solution (Fig. 5a-c) . Complete mass balance was obtained and drug transport flux increased proportionally to the degree of supersaturation. Microscopic observations during permeation studies revealed no drug crystals in the apical solutions. Together these results demonstrate that the supersaturated state persisted without drug precipitation/crystallization; the observed absence of crystallization was likely due to slow rate of nucleus formation and crystal growth of DZP. The permeation data fitted reasonably well to previously developed in vitro pharmacokinetic models, indicating the applicability of these Fig. 6 . % TEER representing monolayer integrity with various treatments. Numerical value succeeding S represents AVF molar equivalent of supersatured DZP. The monolayers were treated with various samples for 2 h in assay buffer pH 7.4, at 32°C in 12-well Transwells. The data is normalized to TEER value for untreated cells that was considered as 100%. Arrow represents the control group used in one-way ANOVA with Dunnett's multiple comparison test. Asterisk represents significant difference (p<0.05) from the control group. AVF=avizafone, DZP=diazepam, E=enzyme (protease) at 4 U/mL, AVFE=AVF+protease, DZPE=DZP+protease models to more than one kind of prodrug/enzyme system. However, in the present case, since prodrug conversion was at most 80%, a correction factor was used to compare the model predictions to the data (Fig. 5) .
The prodrug/enzyme system studied in this work is capable of not only producing supersaturated solutions quickly (in 5 min or 300 s), but it is also flexible in that the rate and extent of supersaturation can be fine-tuned by adjusting the prodrug/ enzyme ratio. This specific feature can be exploited in the development of intranasal delivery systems for DZP, especially for the treatment of seizure emergencies. It should be noted that such a delivery system will require separate formulations of prodrug and enzyme, which will be automatically mixed just prior to nasal administration. Future in vivo studies are needed in order to further strengthen the applicability of the prodrug/ enzyme system for human subjects.
CONCLUSIONS
In the current study, the AVF/A.O protease system was shown to be useful for the rapid delivery of DZP across cell monolayers. In this manner, such a system may find application in developing intranasal treatments for neurological conditions such as status epilepticus, where rapid absorption and action are required.
